Taken together, these studies point to a combination of interaction-dependent and cell-autonomous facets of gut development, regulated in part by regionally restricted TFs.
Early in GI development, expression of the homeobox gene Barx1 is confined to the stomach mesenchyme. Through epithelial-mesenchymal coculture and mutant mouse experiments, we establish a requirement for Barx1 in stomach development. Moreover, we find that Barx1 functions predominantly to regulate sFRP1 and sFRP2, genes that reduce local Wnt activity. These signals act on endoderm to direct stomach epithelial differentiation and distinguish the target cells from an alternative intestinal fate.
Results

Comparison of Gene Expression in the E12 Mouse Stomach and Intestine
We used Serial Analysis of Gene Expression (SAGE; [Velculescu et al., 1995] ) to compare gene profiles between the E12 fetal mouse stomach and intestine (Figure 1A cluding homeodomain proteins Pitx1 and Barx1. Insociated with cytodifferentiation can provide a reliable substitute. deed, Barx1, a member of the subgroup defined by To evaluate Barx1 functions, first we separated the Drosophila BarH1, showed the highest dissimilarity of E12.5 mouse stomach mesenchyme from its overlying any transcript: 92 tags in the fetal stomach library and stratified endoderm and established short-term culjust 1 in the intestine (p = 4e −20 ; total tags, w65,000). tures ( Figure 3A) . The cultured mesenchymal monolayer Barx1 expression was reported previously in the fetal readily supported growth and differentiation of GI epimouse stomach (Tissier-Seta et al., 1995) and chick thelia and could be transfected with DNA or small inembryo proventriculus (Barlow et al., 1999; Smith et al., terfering (si) RNA molecules. Barx1 expression declined 2000). We confirmed and extended these findings. very slightly over the culture period (data not shown), Barx1 mRNA is absent from the developing and adult which contrasts with its extinction in vivo and enabled intestine, and its levels in the stomach peak at E13.5, our experimental design. The cells also induced robust with barely a trace detected in the neonatal or adult expression of a complete panel of stomach epitheliumorgan (Figures 2A and 2B) . In situ hybridization localspecific transcripts (Mucin-1, Gastrin, Intrinsic factor, izes Barx1 to the jaw primordium and stomach mesand Lactoferrin) in gastric endoderm harvested from enchyme ( Figures 2C and 2D) . We verified the latter re-E12.5 mouse fetuses and cultured over the messult by RT-PCR analysis on tissue samples in which enchyme for 7 days ( Figure 3C ). Stomach epithelial difendodermal and mesenchymal cells were separated ferentiation was strictly organ specific, as cultured cells physically ( Figure 2E) ; Barx1 mRNA expression paralfailed to express five intestinal markers ( Figure 3D ; lels that of two other mesenchymal markers, Vimentin intestinal and liver fatty acid binding proteins, Muand FoxF1. Levels of the closest homolog, Barx2, are cin-2, Defensin-2, and Cdx2). Likewise, intestinemuch lower and do not vary appreciably along the GI derived cocultures followed intestinal differentiation tract (data not shown). In contrast, the highly restricted faithfully, whereas crosscultures between stomach epiexpression of Barx1 suggests a role in stomach develthelium and intestinal mesenchyme, or vice versa, opment.
yielded inconsistent and weak expression of lineagespecific mRNAs (data not shown). In these and the folMesenchymal Barx1 Controls Epithelial lowing studies, we used sensitive RT-PCR for molecular Differentiation in Overlying Endoderm markers to verify the absence of crosscontaminating Homotypic or heterotypic fetal gut cultures in immunocells, as illustrated in Figure 2E . compromised mice permit morphologic assessment of Treatment of the stomach mesenchyme with Barx1-organ development but are not readily amenable to mospecific siRNAs caused selective loss of Barx1 mRNA lecular manipulation of the grafted cells. This limitation and protein ( Figure 3B ). In contrast, Barx2-specific can be overcome in large part if tissue primordia are siRNAs reduced their cognate target but did not affect cultured in physical contact ex vivo. Although the reBarx1 levels and thus served as a negative control. quired degree of cellular disaggregation precludes siRNA-induced Barx1 deficiency had a dramatic and specific effect on the fate of overlying gastric endoevaluation of tissue morphology, molecular markers as- Figure 6C ). Moreover, the location of Wnt activity, which is prominent over the fundus and body with Barx1-specific siRNAs, and prior to overlaying endoderm, we transfected the cells with expression along the greater curvature and is largely excluded from the distal lesser curvature and pylorus, corresconstructs encoding sFRP1 and sFRP2; expression of the foreign genes was comparable to endogenous tranponds closely to the distribution of Barx1 expression in the underlying mesenchyme ( Figure 6B ). Taken toscript levels ( Figure 5F ). Expression of sFRP1 and sFRP2, alone or in combination, reproducibly reversed gether, these data suggest a model wherein a Barx1-induced increase in local sFRP levels limits the extent differentiation of endoderm cultured over Barx1-deficient mesenchyme: expression of stomach epitheliumof canonical Wnt signaling to allow stomach-specific epithelial cell differentiation (Figure 7 ). specific genes was restored fully, and intestinal markers were correspondingly attenuated, especially with To test this model, we cultured E12.5 stomach endoderm derived from TOP-GAL mouse embryos with wildthe combination of sFRPs ( Figure 5G ). These factors are hence sufficient to overcome the absence of Barx1, type gastric mesenchyme treated with Barx1 siRNA and monitored β-galactosidase activity as a measure whose control over endodermal cell fate appears to occur predominantly through them.
of thelial morphogenesis are informative about the basis tum must have a role broader than elaborating sFRPs, because forced Barx1 expression in intestinal mesfor alternative paths in GI differentiation. Barx1 shows the greatest difference of any transcript, and its expresenchyme has discernible but incomplete effects on endoderm differentiation ( Figure 3E ). Mesenchymal funcsion is both tightly controlled and mirrors that of a wave of Wnt signaling in stomach endoderm. To elucidate tions also persist beyond the limited period of Barx1 expression and stomach epithelial specification. In parBarx1 functions, we modified previous experimental models of recombinant fetal cell culture to mimic epiticular, viral misexpression of a cell-autonomous Wnt antagonist in the chick gizzard mesenchyme impairs thelial development faithfully in molecular terms. The methods rely on separating fetal gut endoderm and cytodifferentiation of the overlying epithelium at a stage much later than we investigated in the mouse in this mesenchyme and can readily be adapted to investigate other pathways. In embryonic cocultures and knockout study (Theodosiou and Tabin, 2003) . This is one of many examples in which the output of a single signalmice, Barx1 loss causes the overlying endoderm, normally fated for stomach differentiation, to express an ing pathway depends on the precise context, timing, and localization of signals and target cells. intestine-specific program. These effects are consistent with current models for homeotic transformation of Our data suggest that intestinal differentiation represents a default state for gut endoderm and that active vertebrate visceral organs (Slack, 1985) . Barx1 effects are mediated predominantly by secreted Wnt anatagosignals, in the form of Wnt inhibition, are needed to specify the stomach epithelium. Additionally, in our resnists, and inhibition of canonical Wnt signaling in the endoderm appears to be a vital element in stomach decue of Barx1 deficiency by either sFRPs or Dkk1, stomach-specific genes were restored more robustly than velopment. We have thus elucidated a molecular mechanism for the virtual axiom that pattern formation in the intestinal gene expression was extinguished, which implies that expression of intestinal genes is especially developing gut depends on regulated exchange of information between neighboring cells. stable or the preferred outcome in GI development. Perhaps this is why intestinal metaplasia occurs comOur results point to a transient role for Barx1 during a window in mammalian development when the stomach monly with foregut epithelial injury, whereas the reverse condition, gastric metaplasia of midgut or hindgut deepithelium is specified (Figure 7 mented with 2 mM L-glutamine, 100 g/ml penicillin, 100 U/ml MOE430A mouse gene chips (Affymetrix). After washing, bound streptomycin, and 20% fetal calf serum) in a humidified incubator cRNAs were labeled with phycoerythrin-conjugated streptavidin at 37°C and 5% CO 2 . Cells were harvested at specified times after and excited by confocal laser scanning. Three independent Barx1 manipulation, and all experiments were repeated 3-7 times. experiments (two using Barx2 siRNA and one with mock transfection as the control) yielded highly concordant results. Normalization, hybridization image analysis, and comparative expression siRNA and Gene Overexpression profiling were performed by using dChip statistical algorithms (Li Barx1 and Barx2 siRNAs were prepared in vitro by using the Siand Wong, 2001). lencer siRNA cocktail kit (Ambion), following the manufacturer's recommendations. Briefly, cDNA templates were transcribed in vitro and column-purified dsRNA was digested with 15U RNase Reverse Transcription-PCR III at 37°C for 1 hr. Undigested dsRNA was removed by using a Total cellular RNA was extracted by using Trizol, treated with spin-column; resulting siRNA populations were quantified by specRNase-free DNase (Ambion), and reverse transcribed with oligotrophotometry and visualized on nondenaturing 20% polyacryl-(dT) primer. First-strand cDNA was used as the template for PCR amide gels. Constructs to overexpress murine Barx1 and sFRPs amplification with AmpliTaq DNA polymerase (Applied Biosystems) were generated in pIRES2-EGFP (Clontech). Flag epitope-tagged for conventional PCR or iQ SYBR Green Supermix (Bio-Rad) for human Dkk1 plasmid (Semenov et al., 2001 ) was provided by Xi He real-time PCR. For conventional PCR, cycle numbers were ad-(Children's Hospital, Boston, MA). siRNAs were transfected by justed to ensure linear amplification; products were resolved by using siPORT Lipid and siPORT Amine agents (Ambion), and plasagarose gel electrophoresis and detected by ethidium bromide mids were introduced the following day by using Transfectin (Biostaining. Real-time PCR was carried out in an iCycler iQ multicolor Rad). detection system (Bio-Rad; 94°C for 30 s, 62°C for 30 s, 72°C for 30 s). PCR primers are listed in Table S2 . Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA controlled for equal sample Mouse Strains loading.
We generated BarX1 knockout mice on an inbred 129/Sv background, by using standard targeting methods in mouse embryonic stem cells; details will be reported separately. TOP-GAL reporter Northern and Immunoblot Analyses Total cellular RNA was isolated by using Trizol reagent, separated mice were purchased from Jackson Laboratories and maintained on the BALB/c background. Animals were housed and handled acby formaldehyde-agarose gel electrophoresis, and transferred to a nylon membrane, which was hybridized to α-32 P dCTP-labeled 465 cording to protocols approved by institutional committees.
